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Generalized parton distributions (GPDs) are three-dimensional structure functions of hadrons, and
they can reveal the orbital-angular-momentum contributions to the nucleon spin. Therefore, GPDs
are important for solving the proton spin puzzle. The generalized distribution amplitudes (GDAs)
are the s-t crossed quantities of the GPDs, and the GDAs can be investigated in two-photon process
(γ∗γ → hh¯) which is accessible at KEKB. The pion GDAs were obtained by analyzing the Belle
measurements for π0π0 production in the e+e− collision. From the obtained GDAs, the form factors
of energy-momentum tenor were calculated for pion in the timelike region. In order to study the
gravitational radii for the pion, the form factors of energy-momentum tenor were obtained in the
spacelike region by using the dispersion relation. Then, the mass radius was calculated as 0.32 ∼
0.39 fm and the mechanical radius was also estimated for the pion as 0.82 ∼ 0.88 fm by using the
spacelike form factors. This is the first finding on gravitational form factors and radii of hadrons from
actual experimental measurements. In the near future we can expect more precise measurements of
γ∗γ → hh¯ as the Belle II started data taking by the higher luminosity Super KEKB, so that the GDAs
of other hadrons could be studied as well.
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1. Introduction
The proton spin puzzle was suggested by the European Muon Collaboration in 1988, and subse-
quent experiments indicate that only 20% ∼ 30% of the proton spin comes from quark-spin contribu-
tion. In order to solve the proton spin puzzle, one needs to know the orbital-angular-momentum and
gluon-spin contributions. The Generalized parton distributions (GPDs) can be studied in the deeply
virtual Compton scattering (DVCS), and the orbital-angular-momentum contributions can be dis-
closed by the GPDs. The GPDs are important physical quantities of hadrons, and one can obtain the
parton distribution functions by taking the forward limt of GPDs. Moreover, the GPDs also provide
a way to investigate the energy-momentum tensor and gravitational form factors of the hadrons, and
those topics become popular recently.
The s-t crossed channel of the DVCS is the two-photon process γ∗γ → hh¯ [1–5]. In this process,
the amplitude can be factorized into two parts if Q2 of the virtual photon is large enough. The hard
part is amplitude of γ∗γ → qq¯, and the soft part is the generalized distribution amplitude (GDA)
of the hadron which is just the amplitude of qq¯ → hh¯ The GDAs are the s-t crossed quantities of
GPDs, therefore, the GDA studies can be complementary to the GPD studies. The GPDs and GDAs
have an advantage to probe the energy-momentum tensor of the hadron, although the gravitational
form factors can not be measured directly by experiment. As for current status of GDA experiments,
the Belle collaboration reported the cross-section measurements of the two-photon process γ∗γ →
1
π0π0 in 2016 [6], and the pion GDAs were obtained by analyzing the Belle data [5]. Furthermore,
gravitational form factors and gravitational radii were also estimated. However, the errors of Belle
measurements are still large at current stage, and the obtained pion GDA can be affected by the
experimental errors. Belle II began data taking with the much higher luminosity SuperKEKB in 2018,
and the precise measurements of γ∗γ → hh¯ can be expected since the statistic errors are much larger
than the systematic errors in the previous Belle data.
2. Theoretical formalism for the pion GDA
Fig. 1. The two photon process, and the GDA is just
the amplitude of quark-antiquark pair to the hadron-
antihadron pair.
There are two possible ways to investigate
the GDAs. The first one is the two photon pro-
cess γ∗γ → hh¯ [1–3], and this process can be
measured in the e+e− collision at KEK B fac-
tory. The other possibility is the process γ∗N →
Nhh¯ [9] which can be conducted at JLab and
COMPASS. In the two-photon process, the soft
part is the GDA and the hard part can be calcu-
lated by perturbative QCD. However, the am-
plitude of γ∗N → Nhh¯ is determined by both
GDAs and GPDs. Therefore, the two photon
process is a better choice than γ∗N → Nhh¯ if
one wants to extract the GDAs of hadron. Here, we take γ∗γ → π0π0 shown in Fig. 1 as an example
to discuss the general propeties of GDAs. In order to satisfy the factorization condition, Q2 = −q2
1
should be large enough, namely Q2 = −q2
1
≫ W2 = (p1+p2)
2. The pion GDAs describe the amplitude
of quark-antiquark pair to the π0π0 pair, which can be expressed as
Φ
π0π0
q (z, ζ,W
2) =
∫
dy−
2π
ei(2z−1) P
+y−/2〈 π0(p1) π
0(p2) | q(−y/2)γ
+q(y/2) | 0 〉
∣∣∣∣
y+=~y⊥=0
, (1)
where P = p1 + p2, the momentum fraction of a quark is defined as z = k
+
1
/P+, and ξ = p+
1
/P+ is
the momentum fraction of the pion. The Q2 dependence of Φπ
0π0
q (z, ζ,W
2) is abbreviated in Eq. (1).
We denote Aλ1λ2 as the helicity amplitude of γ
∗γ → π0π0 in Fig. 1, where λ1 and λ2 are the helicities
of the virtual photon and the real photon, respectively. By considering the parity invariance, there are
three independent helicity amplitudes A++, A0+ and A+− [1, 2]. The amplitude A++ is the lead-twist
and leading-order contribution with the same helicity λ1 = λ2. The amplitude A0+ is the higher-twist
effect, and the virtual photon is longitudinal polarized, so it decreases as 1/Q. As for the amplitude
A+−, it contains the gluon GDA, so it is suppressed by αs(Q
2) at the high energy [2].
At large Q2, the amplitudes A0+ and A+− can be neglected, and the differential cross section of
γ∗γ → π0π0 [1, 2] is expressed as
dσ =
1
4
α2π
√
1 −
4m2π
s
Q2 + s
|A++|
2 sin θdθ, A++ =
∑
q
e2q
2
∫ 1
0
dz
2z − 1
z(1 − z)
Φ
π0π0
q (z, ξ,W
2), (2)
where α is the fine structure constant and θ is the polar angle for π0. The amplitude A++ is determined
by the pion GDA Φπ
0π0
q (z, ξ,W
2). According to Eq. (2), one can obtain the pion GDAs by analyzing
the cross section measurements of γ∗γ → π0π0.
In the large Q2 limit, the asymptotic form of GDAs can be acquired by solving the ERBL evolu-
tion equation [2], and they are independent of Q2.∑
q
Φ
π0π0
q (z, ξ,W
2) = 18n f z(1 − z)(2z − 1)[B˜10(W) + B˜12(W)P2(cosθ)],
2
B˜nl(W) = B¯nl(W) exp(iδl), ζ =
1 + β cos θ
2
, β =
√
1 −
4m2π
s
. (3)
There are only two terms in Eq. (3). The term B˜10(W) indicates the production of S-wave π
0π0, and
B˜12(W) is for D-wave π
0π0. Below the KK threshold, δ0 is the S-wave phase shift and δ2 is the D-
wave phase shift in the ππ elastic scattering [7, 8]. Above the KK threshold, the additional phase is
introduced in our analysis.
!
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Fig. 2. Resonance effect in the two-photon process
γ∗γ → π0π0.
In the two-photon process γ∗γ → π0π0,
π0π0 can be produced through a intermediate
hadron state h in Fig. 2, and this is the so called
resonance effect [9]. In Fig. 2 the left part is the
process of qq¯ → h, and this part can be deter-
mined by the distribution amplitude or the de-
cay constant fh of the hadron h. The right part
of Fig. 2 describes the amplitude h → π0π0,
and it is related to the coupling constant ghπ0π0
which can be obtained with the decay width of
h → π0π0. Therefore, resonance contributions
for the pion GDAs can be expressed with the decay constant fh and the coupling constant ghπ0π0 . In
our analysis, we included the S-wave resonance f0(500) and the D-wave resonance f2(1270).
3. Pion GDA analysis of Belle measurements
In 2016, the Belle Collaboration released the measurements of differential cross section for
γ∗γ → π0π0 in the e+e− collision at KEK B factory [6]. Here, we employed the asymptotic form
of the GDAs to analyze the Belle data, and resonance effects of f0(500) and f2(1270) are introduced
in the analysis [5]. A few parameters of the GDA are determined by fitting the experimental measure-
ments. With the obtained GDA, we show the differential cross section of γ∗γ → π0π0 in comparison
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Fig. 3. The W dependence of the differential cross section (in units of nb), in comparison with Belle mea-
surements [5].
with the Belle data in Fig. 3. The GDA analysis gives a reasonable description of the experimental
cross section, and the resonance peak of f2(1270) is clearly seen around W = 1.27 GeV. Moreover,
one can study the energy-momentum tenor of pion in the timelike region with the obtained GDA, and
3
the matrix element of energy-momentum tenor is defined as follows
〈 π0(p1) π
0(p2) |
∑
q
T
µν
q (0) | 0 〉 =
1
2
[ (
s gµν − PµPν
)
Θ1(s) + ∆
µ
∆
ν
Θ2(s)
]
, (4)
0
0.2
0.4
0.6
0.8
1
-10 -8 -6 -4 -2 0
t (GeV2)
Θn(t) /Θn(0)
Θ
1
(t) /Θ
1
(0)
Θ
2
(t) /Θ
2
(0)
Fig. 4. Spacelike gravitational form factors for
pion [5].
where the form factor Θ1 reflects the mechanic prop-
erties (pressure and shear force) of hadron , and the
form factor Θ2 is related to the mass and energy of
hadron. The gravitational form factors Θ1 andΘ2 are
calculated from the pion GDA in the timelike region.
Furthermore, the spacelike gravitational form factors
can also be obtained from the timelike ones by using
the dispersion relation [10]. In Fig. 4, we show the
spacelike gravitational form factors which are nor-
malized as one at t = 0, and we find Θ2 decreases
slower than Θ1 as |t| in creases. The mass radius is
calculated as
√
〈r2〉mass = 0.32 ∼ 0.39 fm [5] which
is just the slope of Θ2 at at t = 0, and the mass radius
is smaller than the charge radius
√
〈r2〉charge = 0.672 ± 0.008 fm [11] of pion. The range of the mass
radius appears since we can introduce the additional phase shift either to the S-wave phase shift δ0 or
to the D-wave phase shift δ2 above the KK threshold as discussed in Sec. 2. Similarly, the mechanical
radius is obtained as
√
〈r2〉mech = 0.82 ∼ 0.88 fm [5] for Θ1 which is slightly larger than the charge
radius.
4. Summary
We discussed the basic properties of the GDAs, and the pion GDA was obtained by analyzing
the cross section of γ∗γ → π0π0. In the analysis, the resonance effects of f0(500) and f2(1270) were
included, and our analysis gave a good description of experimental data. The form factors of energy-
momentum tensor were investigated with the pion GDA , and gravitational radii were estimated as√
〈r2〉mass = 0.32 ∼ 0.39 fm for the mass radius and
√
〈r2〉mech = 0.82 ∼ 0.88 fm for the mechanical
radius [5].
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